Antioxidant activity of phytosterols, oryzanol, ferulic acid ester of sterols, corn fiber oil, and rice bran oil was investigated. Commercial soybean oil and distilled soybean oil FAME were used as substrates for both oxidative stability determination and viscosity analysis after the oil was oxidized. At low concentration, these materials did not improve the oxidative stability of the oil substrates, although the viscosity tended to be reduced slightly. The antipolymerization activity of steryl ferulate was higher at higher concentration than at lower concentration, and steryl ferulate was more effective than oryzanol. Rice bran oil showed very good antioxidant and antipolymerization activities. 
Phytosterols contained in vegetable oils are hypocholesterolemic (1) (2) (3) . These phytochemicals and their derivatives may also be potent antioxidants (4) (5) (6) (7) . The avenasterol of rice bran oil acts as an antioxidant at elevated or frying temperatures owing to the ethylidene group on the side chain of the molecule. Its antioxidant activity has been attributed to the formation of an allylic free radical and its isomerization to other relatively stable free radicals (7) . Oryzanol, a group of ferulic acid esters of triterpene alcohols present in rice bran oil, also has been shown to possess strong stabilization effects during frying applications (6) . The antioxidant effects of ferulates can similarly be explained by the formation of several resonance-stabilized structures.
Corn fiber oil is an unusual oil in that it contains a very high concentration of total sterols, up to ~14% of the crude oil, compared with less than 1% in most refined vegetable oils (8) (9) (10) (11) (12) , and it has been shown to lower serum cholesterol levels in several animal models (11, 12) . In addition to free phytosterols and phytosterol fatty acyl esters, which have been granted a rare health claim by the U.S. Food and Drug Administration for lowering both LDL-cholesterol levels and the risk of heart disease, corn fiber oil also contains high levels of sitostanyl-ferulate derivatives. These sitostanyl-ferulates also were very effective in lowering cholesterol in an animal model in a preliminary study (13) . If these steryl ferulate derivatives are both biologically active and chemically suitable as antioxidants at high temperature, a multifunctional food ingredient or nutraceutical could be developed. The objective of this research was to investigate the antioxidant and antipolymerization activities of phytosterols/phytostanols and their ferulic acid esters.
EXPERIMENTAL PROCEDURES

Antioxidant activity of various natural and synthetic agents.
Sitostanyl ferulate was synthesized (14) at a purity of >99%. Sitostanol was obtained from Research Plus (South Plainfield, NJ). Soy sterols, obtained from Archer Daniels Midland (Decatur, IL), is a mixture of naturally occurring free sterols, consisting of β-sitosterol (45.7%), campesterol (27.3%), stigmasterol (15.3%), and brassicasterol (4.4%). It has a purity of 95%. γ-Oryzanol was obtained from CTC Organics (Atlanta, GA). Crude corn fiber oil was extracted with hexane from corn fiber (obtained via conventional wet-milling, air-drying, and grinding to 20 mesh), and it contained 5.9% FA ester of sterols, 2.1% free sterols, 5.4% ferulic acid ester of sterols (9) , and low levels (<1%) of tocopherols, since the fiber was not heated prior to extraction (15) . Crude rice bran oil, obtained from Riceland Foods (Stuttgart, AR), contained about 1.86% oryzanols and 0.3% avenasterol (6) . Ferulic acid, gallic acid, TBHQ, and δ-tocopherol were purchased from Sigma Chemical (St. Louis, MO). δ-Tocopherol was chosen as one of the controls because it is generally considered as the most active isomer among the other tocopherols.
Two substrates-commercially refined, bleached, and deodorized (RBD) soybean oil and distilled soybean oil methyl esters (FAME)-were used to test the antioxidant activity of these phytosterol compounds. A short-path molecular still (Pope Scientific, Saukville, WI) was used to distill FAME in order to obtain tocopherol-free substrate. Two concentrations of various compounds, one at 6 µmol/5 g substrate and another at 12 µmol/5 g, were tested. The concentration of 6 µmol/5 g was equivalent to the regulated application of TBHQ, which is 0.02% of the oil. The concentrations of antioxidants contained in corn fiber oil and rice bran oil were prepared by adding the calculated amount of oils that would give thecorrect sterol concentrations. The average M.W. of the three major oryzanols (in γ-oryzanol) was estimated to be 580. Oxidative stability index (OSI) was measured according to AOCS standard method Cd 12b-92 (16) with the Omnion OSI instrument (Omnion, Rockland, MA). Viscosity of oil or FAME was measured using a Brookfield viscometer (Stoughton, MA) after the reaction had reached the OSI end point.
Antioxidant activity of selected compounds at various concentration levels. Commercial RBD soybean oil was used as substrate to test antioxidant and antipolymerization activities of the selected compounds at various concentration levels. Four concentrations, i.e., 12, 24, 36, and 60 µmol/5 g substrate, were used to test the antioxidant activity of sitostanyl ferulate, oryzanol, soybean sterols, rice bran oil, and ferulic acid. The reason for using various concentrations of an antioxidant is that, although a positive dose-response relationship usually is present, such relationships may be different for different antioxidants. Examining the dose-response relationship is important so the optimal antioxidant concentration can be determined.
Statistical analysis. The general linear model of the SAS program (17) was used for the ANOVA. To examine the effect of type of compound and concentration on antioxidant activity, a two-factor factorial design was used, with the type and concentration as two factors. Least significant differences (LSD) were calculated (P = 0.05) to compare treatment means.
RESULTS AND DISCUSSION
Antioxidant activity of various natural and synthetic compounds. The values of OSI and viscosity of oils and FAME with various compounds at two concentration levels are shown in Table 1 . The results of statistical analysis are shown in Table 2 .
Different compounds had significantly different OSI values in both FAME and oil substrates. FAME were oxidized much faster than oil because the natural antioxidant was removed by distillation purification of the FAME. Compared with blank FAME that did not contain any added chemical, the oxidative stability of FAME was significantly improved by adding TBHQ and δ-tocopherol. Rice bran oil improved FAME stability considerably as well. Oil stability was improved by adding gallic acid, TBHQ, and rice bran oil, but δ-tocopherol did not influence stability as much as expected. Various sterols and the sterol-rich corn fiber oil did not seem to improve stability. In addition, higher concentration of the sterols did not significantly improve the stability of either system.
The effect of various compounds on polymerization reaction and viscosity development in both FAME and oil substrates was significant. TBHQ and δ-tocopherol were the most effective compounds in preventing polymerization of the FAME. Although gallic acid was quite effective in improving OSI, it did not prevent viscosity development to a similar degree. Various sterols generally lowered viscosity slightly, particularly at the higher concentration (12 µmol/5 g). 
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a Heating time for FAME conc. of 6 µmol/5 g = 17.5 h, FAME conc. 12 µmol/5 g = 18 h, oil conc. of 6 µmol/5 g = 20 h, and oil conc. of 12 µmol/5 g = 25 h. FAME heating was at 90°C, and oil heating was at 100°C due to the oils' high oxidative stability index (OSI) values. The viscosity developed in oil was much higher than for FAME because of its TAG structure, compared with the single acyl chain in FAME. We also noticed that the higher-concentration samples had much higher viscosity than the lower-concentration samples, owing to the difference in heating time. The highconcentration oil was heated for 25 h, the low-concentration oils for 20 h. Therefore, the expected viscosity reduction at the higher concentration was not seen. This observation indicated that once the oil is oxidized, the polymerization reaction can proceed very rapidly. TBHQ again showed its significant antipolymerization effect in oil compared with gallic acid.
Antioxidant activity of selected compounds at various concentration levels. The effect of type and concentration of selected compounds is shown in Figure 1 . The interaction between type and concentration was significant for OSI but not for viscosity at the 5% probability level. Therefore, the main effects of type and concentration on viscosity were examined (Fig. 2) .
The oxidative stability of oil was significantly affected by type of compounds tested and their concentration. Rice bran oil had significantly better antioxidant activity than the others, and its activity increased markedly with its concentration in an oil. Ferulic acid had similar activity compared with others at lower concentration but showed improved activity at higher concentration. Viscosity of the oil was also significantly affected by type and concentration of the compounds. Rice bran oil was the most effective agent in preventing polymerization, and its activity increased dramatically with an initial increase in concentration but tended to level off at higher concentration. The effectiveness of ferulic acid as an antipolymerization agent was more evident at higher concentration than at lower concentration. Sitostanyl-ferulate showed significantly more antipolymerization activity than did oryzanol and soybean sterols. It is not clear why sitostanyl ferulate was more effective at the concentration tested than oryzanol, which is a mixture of ferulic acid esters of various triterpene alcohols that are structurally very similar to phytosterols, including cycloartenol, 24-methylene-cycloartenol, and a small amount of campesterol. These observations also suggest that the good antioxidant/antipolymerization activity of rice bran oil may not be due to its oryzanol content alone but to other minor lipid components, such as avenasterols. The phytosterol avenasterol, constituting 32% of the total phytosterols in oats), greatly reduced the degree of deterioration of soybean oil at frying temperature (180°C) (4, 5) . The content of tocopherol and tocotrienol in rice bran oil is usually relatively low, about 20 times less than its phytosterol content; therefore, its contribution to the oxidative stability of the system may be very small. The quantity of rice bran oil added in the concentration levels in this experiment ranged from 0.17 to 1.7 g in 5 g of oil substrate. Other minor components, in addition to avenasterol, also may have contributed to the antioxidant activity of rice bran oil.
The antioxidant activity of phytosterols also was studied by other researchers. Xu and Godber (18) examined the antioxidant activity of the major components of rice bran oryzanol in a linoleic acid model system, at slightly elevated temperature and by monitoring peroxide formation. They found that the antioxidant activities of various steryl ferulates were lower than those with ferulic acid and α-tocopherol. The concentration levels used in their study (1:100 to 1:500, sterol/substrate, molar ratio) were similar to those used in our study (approximately 1:100 to 1:1000 for oil substrate, and 1:300 to 1:3000 for FAME substrate). At a 1:500 ratio of sterol to substrate, Xu and Godber (18) detected no antioxidant activity. The antioxidant activity of oryzanol also was reported as not significant at concentrations lower than 0.5% (1:300 molar ratio of sterol to oil substrate) (19) . If we had used a higher concentration of phytosterols in our study, we might have observed higher antioxidant/antipolymerization activity of the steryl ferulate.
There has been some concern expressed about the hightemperature testing of oxidative stability of oil and antioxidant activity because of the rapid oxidation, polymerization, and decomposition of antioxidant (20) . Nevertheless, there is also evidence that the OSI method gives a reliable estimation of oil stability, and it is an AOCS recommended standard method. The OSI method should be particularly useful in evaluating stability of frying oil and the effectiveness of antioxidants used in this type of oil.
Various lipid materials could be used as substrates to test the activities of antioxidants. Methyl esters of vegetable oils should be an ideal system to evaluate antioxidant activity, because they can be purified easily to ensure that no other minor lipid components interfere with the evaluation. Methyl linoleate was successfully used as a model system for antioxidant activity study by OSI (21) . The only drawback with soybean FAME was that it did not develop significant viscosity. Therefore, oil may be a better substrate to evaluate the antipolymerization effect of antioxidants.
The relationship of oxidative stability and viscosity development is shown in Figure 3 . Oils with similar stabilities as indicated by the OSI value may have quite different viscosities. This observation indicates that different antioxidants may work differently. Some may prevent peroxide formation. Therefore, the subsequent reactions are delayed. Others may not prevent peroxide formation, but they may delay the subsequent polymerization reaction.
